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Abttrtot  Acoustic 8igr3ls  scznerea  iram  suomergeo  6iss:::  ‘.a  ’ce'.s  na,e 
o'oduced  interesting  DscKScanerea  signals  r  ir.e  aporoonaie  treauenc  . 
region  particulany  oecause  of  me  cresence  or  resonances.  Ccns.oe,'aOi* 
work  has  Dean  aone  for  sphencajiy  and  cyi:ncnca,iy  snaoeo  oDiec's  c^: 
to  moderate  freouoncies  for  bom  sonos  ana  snells.  Onty  recent.y,  nor,- 
aver,  have  researchers  reoorteo  results  tor  elongated  oCieots  sucn  as 
sonero/dal  solids  and  snelis.  Former,  tne  nignentrequenrv  reg  cn  fo- 
soneres  nas  not  been  nvestigaieo  ewens.veiy.  A  senes  cf  cacu  ai.ors 
that  are  cnaractenstic  of  elongated  targets  or  of  sonencas  sneiis  m  ;r.e 
hlgher'frequency  region  are  reooned.  Some  of  the  discusseo  results  lo- 
voivo  bending  resonances  caused  oy  obnaueiy  incident  oiane  waves  c.- 
alongeted  obieas  ano  their  reiatton  to  tiexurai  resonances  of  cearr.s 
Classes  of  resonances  tnat  are  reiated  to  waves  creeoing  aiong  ina  ion 
est  and  shortest  meridians  of  a  soneroid:  fiexurai  resonances  (Ao  res 
nances)  for  shells  m  tne  time  domain  nea.'  me  coincidence  freouenc-,'. 
and  high-freouency  tnicxness  effects  wnen  soattenng  from  snei.s,  an: 
meir  orediction  Daseo  on  fiat  oiate  theory.  Several  numerical  examoies 
are  snown. 


SuD/ect  terms;  auximavc  target recogne-.n.  acccssc  scaotnng;  acno-s  gr.arj-si 
suimargaO  snans:  rasonanca  scanarrrg;  ,.'‘cKrfss  reaonances 


Oclical £ngingaring  3t,ri 2i,  2S62-257!  (Dacar»btf  1992) 


1  Introdu 

Resonances  are  pervasive  and  occur  m  aJl  areas  of  tne  phys- 
icaJ,  engineenag,  and  bioiogicaJ  sciences.  Tney  an:  char¬ 
acterized  by  the  fact  that  tney  occu:  tiscretc  trcguer.cy 
values,  and  when,  they  occur,  a  cr.a:u.;:nsf.c  even:  takes 
place.  This  event  can  be  compiicateo  and  difficult  to  dis¬ 
tinguish  from  cuter  physical  mecnanisrr.s  u.nreisied  to  res¬ 
onances,  out  utey  arc  usually  disttnfuishabie  and  tan  ix.- 
related  to  a  panlcu.ar  process  O'ur  interest  in  tints  paper  :s 
to  invesugaie  par.icuiarly  iarge  a.nd  distinguishable  rest- 
nances  that  manitest  themselves  ut  octn  tne  ireauency  an: 
time  domains.  Ln  :.ne  acoustics  literature,  three  mam  classes 
of  resonances  have  been  studied  Tnese  are  Lamb  res¬ 
onances  for  shells  and  Rayleigh  resonances  and  wiuspenng 
gallery  resonances  for  solids.  These  resonances  are  not  par¬ 
ticularly  pronounced,  and  in  this  work  we  examine  classes 
of  resonances  that  are  more  pronounced  in  magnitude  or 
pattern  m  either  the  time  or  frequency  domains.  In  the  next 
section  we  examine  some  useful  tneoreucai  considerauons 
and  then  go  on  to  examples  of  (I)  flexural  or  bending  res- 
onaaces  caused  bv  plane  oblique  incident  waves  on  a  sphe¬ 
roid,  (2)  resonances  at  the  coincidence  frequency  (the  fre¬ 
quency  at  which  tne  phase  speed  of  the  flexural  Lamb  wave 
equals  the  speed  of  sound  in  the  fluid)  on  elastic  shells,  and 
(3)  thickness  "resonances”  caused  by  high-frequency  ir 
cident  plane  waves  on  a  submerged  clastic  shell.  Each  of 
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uiese  classes  of  resonances  is  rawer  iaree.  has  cna.mctenst;f 
curves,  and  has  iocaijons  that  car,  be  predicted  using  si.r- 
piifled  expressions. 

2  Th*or«tiwil  Corwiderations 

2.1  Raylergh.  Lsjvd.  and  Pisxural  Pasonances 

"Vv'e  bnefly  discuss  flexurai  or  oencme  resonar.c:s  exc:;;: 
on  a  spnero.d.  and  tor  contrast  tna  mors  weii  njiov.r.  r-.: 
onanccs  caused  by  toe  generation  of  Rayicign  wavjs  or.  sr 
eiasuc  solid  and  Lamo  waves  on  eiasuc  shells.  .More  cstaiic, 
discussions  were  presented  ixi  two  oiner  papers.  "  ‘  Ra>- 
icign.  or  rather  Icaky-Rayleigh-type.  resonances  are  ge.n- 
erated  when  incident  plane  waves  impinge  on  fluid-ioads: 
elastic  solids  of  rouanoD  such  as  spheres  and  spheroids.  Tnt^ 
correspond  to  frequenaes  at  which  the  Rayleigh  waves  na'  -c 
half-integrai  waveieagths  on  the  object  surface  iihis  coc; 
not  preclude  imenor  coniribuiions  of  the  waves;,  tnus  pre- 
dacing  standing  waves  on  the  surface,  which  in  turn  raaiai- 
back  into  the  fluid.  The  extended  boundary  condition  (EEC 
method’'^  offers  the  possibility  for  predictine  such  rest- 
nances  (see  Ref.  I7i.  Lamb  resonances  are  the  analog  ;V: 
shells  in  which  it  is  possible  lo  excite  both  .symmeurc  ie>- 
tensionaJ I  and  antisymmetric  (flexurai)  resonances  Trc 
bending  or  flexurai  resonances  (flexuraJs  in  this  context  ar; 
noi  to  be  confused  with  antisvmmetnc  Lamb  modes)  occur 
on  elongated  objects  such  as  spheroids  both  for  solids  a.rc 
shells  and  can  be  raodeied  using  tne  approximate  ir.ecry  o; 
oeams  aue  to  Timoshenko 
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2.2  -Resonance  Scattenng  Theory— Tims  Domarn 

The  partial  wave  series  thai  er.erges  fron^  nonnai  moit 
theory  for  separable  geometncs  can  be  represented  in  Ob- 
tinct  partial  waves  or  modes.  1:  has  been  snown  tha:  a 
represenution  due  to  a  distinct  mode  n  can  oe  wnner.  ir. 
the  Breit-Wigner  form'’; 

/«(!)  = 


f 

jexpf2i|‘'>)i' 


"1 

expl  -i;,'  i  sinC'  ^ 
i 

/ 


{  1  ' 


where  r  =  to  and  x‘.'‘  is  the  n'lh  mode.  ! is  ih,;  res¬ 
onance  half-width,  and  where 


kit'  (x) 
ky‘{x) 


Here  we  have  aosorbed  the  i  2r  -  1 )  factor  inio  me  exoansio- 
coefncient.  cauation  (li  is  here  impiicm;.  ermerstcou  ir 
apply  for  the  i  =  i  resonance  contained  v  me  .n'm  moc; 
This  form  is  of  interest  oecause  it  shou  3  :na:  a  modal  cor. 
tribution  can  oe  represented  in  terms  of  ar.  acoustical  back¬ 
ground  as  well  as  the  resonar, ce  contribuiicn.  .Note  that  thb 
form  of  a  resonance  occurs  m  many  orzr.c.nes  of  phvsics 
and  engineering.  Tnis  represenution  present  me  resonances 
in  a  manner  such  that  the  resonant  pan  ime  hrst  term  in  tr.c 
braces)  is  cleariy  separate  from  me  potenitai  pan  (th.e  stcor.c 
term).  Further,  u  show's  expiiciiiy  the  haif-widtn  as  weli  a? 
the  frequency  of  the  resonances  The  form  of  Ec.  Mi  also 
proves  useful  because  we  use  residue  th£c.';>  lo  rouner  t.'ar  s- 
form  this  equation  to  the  time  dorram 
Vre  consider  two  incident  waveforms  ises  R;:s.  18  tnrougr. 
21).  one  adtiu  function  in  time,  whicn  gives  a  continuous 
and  constant  (cw)  freouency  scectnim.  era  me  otr.era  nuiie 
which  is  sufhcientiv  locaiired  in  time  ■■■“.ai  wc  are  acie  ; 
isolate  indivinaa:  events  ir.  t.r;  scattered  sicrc';.  Soecihci..  ■ 


P-  =  COSiay:r)  evt- 


'  =  cost  xj.-J  I 


wnere  '  =  ct,a.  k  ~  2r  and  whf.m  s  is  a  reouceo  tunc 
variable  and  xistne  incident  wavenumber.  Here  we  refer  to 
as  tne  earner  freouency.  The  scattereo  sura;  in  the  time 
domain  is 


8i()U3) - 


I  1  cw  ping 

!C  exo' -(jw-itu.-'rrda;  pulse 


(5:, 


Because  of  the  phase-averaging  effects  in  me  .'lonresonamc* 
region,  it  is  a  gooa  assumption  mat  the  or.)  contnouuo,';: 
in  £q.  (5)  occur  at  resonances  We  teen  amve  ai  the  ex 
pression 


r 

sin(x7’j)  expi 


16. 


By  summing  the  pole  coninbuiic.ns.  w*  em'.c  at  me  exp.'ei 
Sion 


^  ^  ;  i  U-  ' 

2^  y.mx.  sax-  s  .  . 

i4  =  /n  \  1'  \.t.  ’ 

wnere  the  sum  is  over  a  nest  c:  resonances  if  \se  are  m  c 
frequency  region  wnere  me  .'•csor.ar.ce  w-.ct.ns  and  spacing- 
are  approximate:;.'  uniforn.  me.-. 

r7-:*=n,''  a.-.d  a.'. ; -7.'  .  (S. 

Then,  by  summing  2''  contnDunons  from  me  .nest,  t.nrcugr 
some  tngonometne  minipulatic.r.  we  obiam  me  i.Tiportar.: 
expression 

/•ifi*'2'''|'5in(.Ciur.>i  'cos'dix’'  j'2''''  e,x-'  - 'r'2;  .  fri 

where 


■  -w 


wT.icn  snows  ciear;;.  me  orC.r.mer.ce  ct  me  earner  ir.- 
auency.  reiatea  to  m:  pnase  se.oci:;. ,  a.rc  me  existence 
an  envelope  treouer.;-. .  reiaieo  to  t.ne  grooo  '.c-ociis  as  w;, 
as  the  exponential  oa.Tipir.g  factor,  whicn,  as  ,5  expecic.. 
IS  xnown  to  ne  related  to  me  haji-widih,. 

We  can  summame  me  results  mdicaied  by  Eq  ivi  ai 
follows; 


g,(kii)~  '  txp(iia:s\  cosiKarj)  expt  -ai'i  Cr 

i%C:-ika  -  k/ic-'r-'iii]  t.'*'- 

Tr.e  time-aomain  solution  for  me  par.icuiar  rj  is  ooumci., 
frotr, 

n  ! 

rs  =  ~i  txp--t(ka]s]fika)^i{kaid\fx.  iw. 

»  jf 

in  general,  we  -0.30  one  of  me  iwo  icmr-  t'.;r  ms  c. 


'.  The  half-widin  is  associated  with  me  decay  of  li'.; 
response  in  m.e  time-domain  solution:  t.ne  response 
cecreases  exponentially  with  increasing  value  of  me 
half-width.  Trus  is  not  aitogetner  unexpected  because 
narrow  resona-nces  are  associated  w;ih  long  nngir^- 
times,  and  it  is  analogous  to  well-denned  energtc; 
being  associated  with  long  ha;:-iivcs  m  quantum  pr.v  s- 

ICS 

2.  The  larger  me  numocr  of  aoiaceni  resonances  '2’' 
sensed,  the  more  sha.'piy  defmed  me  return  puis;  c- 
envelope,  function  (the  beats;  and  me  .Tio'e  ennance:! 
tn:  rerjm  sier.ai  will  ne.  Inner  apcrccnaio  condinc:;; 
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we  can  pet  the  group  velocity  o:  a  ioccif.c  type  :: 
resonance. 

3.  The  iweer  the  earner  frequency,  the  more  osciilatcry 
the  signal  within  the  envelope  will  be 

4.  If  several  adjacent  resonances  sensed  bv  a  signat  r; 
different  in  character  in  the  region  of  the  earner  :r:- 
quency.  men  it  becomes  difficult  to  mterprei  .'esuiis 
in  terms  of  a  group  velocity  associated  w'ith  a  panic- 
ular  resonance  type.  Attempts  at  such  interpretations 
could  lead  to  erroneous  results.  For  example,  if  one 
senses  two  resonances,  one  a  Rayieign  resonance  and 
one  a  whispering  gallery  resonance,  the  extraction  of 
a  group  veiocity  associated  with  a  stsecinc  type  res¬ 
onance  would  lead  to  e.Tor 

2.3  Thickness  Efiects  Caused  by  internal 

Reilections  from  a  Shell  at  Hign  Frequency 

If  one  scatters  a  plane  wave  from  an  elastic  shell  at  a  fre¬ 
quency  at  which  the  interior  wavelength  (associated  wn.-, 
the  compressionai  '.eiocuy  of  the  material i  is  equal  to  an 
integral  value  of  the  thiclmess.  then  u  car  be  shown  mat 
the  shell  w-iii  appear  transparent  to  the  signai.  Consequently . 
the  signai  will  refiect  of.’  or  the  inner  sc.bacc  of  t.ne  mei. 
and  add  coherently  with  me  specular  signal  at  cettcttcr. 
For  evacuated  shells,  this  lenos  to  proauce  a  maximum  ai 
such  values,  and  inceea.  results  that  follow  suostantiate  this. 
This  maximum  occurs  at  the  cniicat  frequency  of  the  rtrsi 
symmetric  Lamb  mode  Si  m  the  shell.  Aiihough  this  result 
IS  not  properly  a  "resonance  "  m  the  sense  of  the  ocher 
processes  discussed  here,  for  want  of  a  better  term  we  will 
refer  to  this  rather  large  response  as  a  resonance.  It  ran  also 
be  shown  that  tne  upper  value  of  ka  at  wnich  this  proces> 
akes  place  for  a  given  thickness  and  multiple  of  a  half¬ 
integer  terminates  with  the  lowest  paniai  wave  allowed 
Thus,  an  examination  of  the  paniai  waves  at  the  lowest 
mode  can  substant.ate  our  interpretation  of  this  phe.nome- 
non,  which  is  illustrated  ;n  the  last  seciic-. 

3  Analysis  of  Results 

In  this  section  we  an.aiyze  frequency  -  anc  nme-comam  sea;- 
le.ing  for  five  types  of  resonances.  Tne  tint  i.na;y5is  peruiO' 
to  Rayieigh-  and  Lamo-type  resonances,  mainly  to  contras: 
with  the  remaining  results  w*  then  c.xaT.me  riexurai  or 
bending  resonances.  .Next,  we  analyze  Vi'C  ana  steet  shots 
at  coincidence  frequencies  (frequencies  ai  wmen  tne  f.exura. 
phase  velocity  is  equal  to  the  speed  of  sound  in  the  sur¬ 
rounding  fluid)  to  venfy  the  existence  of  waterbotTiS  reso¬ 
nances.  first  noted  by  lunger  in  the  1950s  isrs,  tor  example. 
Ref.  15).  These  representative  examples  prove  useful  in 
exploiting  expressions  derived  in  tne  previous  section  tor 
the  time-domain  case.  The  study  is  done  both  in  the  time 
and  frequency  domains  because  both  cases  nave  quite  dif¬ 
ferent  resonance  sienatures.  Finally,  we  examine  thickness 
resonances  from  high-frequency  incident  aiane  waves  on 
elastic  shells.  These  "resonances,"  or  rainer  internal  re¬ 
flections.  occur  when  the  wavelength  caused  by  the  cerr. 
pressional  waves  corresponds  to  a  haif-mtegrai  wavelength 
of  the  shell  thickness.  At  that  point,  it  can  be  snown  that 
the  shell  is  ■■transparent''  to  the  incident  wave  ano  reflects 
from  the  inner  surface  (me  core  is  assumed  to  be  evacuated!, 
which  yields  a  maximum  return  signal 
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Fig.  1  Two  ol  tfss  DTOislB  sons'Sics  ara  irgir  e:fcu.'”sc.''DBa  osar-s 


3.1  Rayleigh.  Lamb,  and  Bending  Resonances 

Vr'c  now  examine  a  phenomenon  specific  to  elastic  ooject; 
with  smooth  boundaries  surrounded  by  an  acousuc  flu  if. 
namely .  body  resonances  The  "boay  resonances  examinee 
onginaie  from  the  curved-suriace  equivalents  of  seismic 
interlace  waves  of  pseudo-Rayieigh  or  Schoitc  type,  prep 
agaacgctrcumrerentiaily  to  form  standing  waves  on  a  oounded 
obicct.  If  phase  velocities  are  slowly  varying  las  a  funcitcr 
of  frequency)  at  tne  ooieci  surface,  resonances  occur 
discrete  values  of  LLl.  These  resonances  rrumtes:  t.ner. 
selves  m  a  presenbed  manner  (cescr.bed  below  ,'.  For  e.c'  ■ 
gated  clastic  solids,  l.r'ce  distinct  resonance  types  occu: 
The  first  kind  tnat  w  e  liiustrate  nas  to  do  with  ocnamg  .moc-C' 
or  flexural  resonances.  For  unsuppo.ied  spneroids.  a  plan; 
incident  wase  at  45  oeg  reiauve  to  me  axis  of  synunetr. 
can  excite  the  modes  iilustraied  in  rig.  1  for  a.vpect  ratios 
of  4  and  5  to  1.  Ii  can  be  shown  that  the  lowest  mode 
conesponds  to  2.  and  thereafter  to  3.4,  etc.  Tne  interesting 
thing  about  these  resonances  is  tnat  they  can  oe  predicted 
by  exact  beam  theones  and  coincide  nicely  wiin  results  giver 
here.  Of  panicular  interest,  is  ihe  effect  tnat  with  increasin* 
aspect  ratio  the  onset  of  resonances  occurs  at  lower  kL  1 
values;  the  opposite  to  the  obser.'ed  in  Rayleigh  resonar.es-. 
The  resonances  predicted  for  aspect  ratios  of  3,  -t.  and  f 
art  illustrated  in  Figs.  2(a),  2(b).  and  2(C],  The  .modai  pa'- 
tern  ts  illustrated  in  Ffg.  3  for  the  first  four  modes.  A  cerr, 
panson  between  the  exact  calcuiaiion  (solid  line)  and  res¬ 
onances  predicted  by  the  Timosnenko  beam  theory  (dashsc 
line)  IS  presented  in  Fig  for  aspect  ratios  of  1.5  to  5.  Tr.e 
agreement  between  exact  (T-matrixi  solution  and  beam  ins- 
ory  IS  seen  to  oe  quite  good. 
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Wj).  2  Form  funcDorj  lor  a  r.Mi  sor^roid  in  waisr  at  45  ae^:  (a)  aspect 
ratio  o1 3,  to)  aspect  ratio  of  4,  ar.o  lo  asoect  ratio  o(  5 


The  second  ktnd  of  resonances  la:  iower  frequencies)  ar-. 
caused  by  leaxy  Rayieign  '-seses  and  nave  ceen  sno'AT.  ■' 
be  related  to  boin  ’^gei  eecmetry  ano  mater.a;  parameters 
(notably  shear  modulus  and  censiiy).  Resonances  can,  in 
this  case,  best  be  observed  oy  examining  the  backscattered 
echo  amplitude  plotted  as  a  function  of  kL/2,  often  referred 
to  in  the  acoustic  scattering  literature  as  a  /arm  junction 
We  illustrate  this  in  Fig.  5  /or  broadside  scattering  from 
spheroids  of  aspect  ratio  2.  3.  4.  and  5.  Here  we  see  two 
resonances  supenmposed  on  me  semiperiodic  pattern  caused 
by  Franz  waves  associated  \t  ;th  rigid  scattering.  If  we  sub 
tract  rigid  scattering  (m  paniai-wave  space)  from  the  elastic 
response,  then  we  are  left  with  the  resonance  response  (see 
examples  in  Ret.  16),  In  acdition  to  the  above  wave  phe¬ 
nomena.  it  is  aiso  possible  to  excite  whispenng  gaiiery 
resonances,  whicn  can  be  seen  for  the  lowest  aspect  ranc 
cases  in  Fig,  5.  in  Fig.  5,  i.ne  parallel  sign  indicates  tha; 
the  resonances  are  excited  aoout  the  longest  meridian,  whereai 
the  perpendicular  sign  indicates  that  the  resonance  is  excited 
about  the  shoncs:  meridiar.,  Tne  fact  that  broadside  inciden: 
plane  waves  do  excite  resonances  not  only  about  the  shones' 


O9. 3  First  four  viptationai  modes  0!  a  tree-fiea  Timosnenso  oea- 
fTB). 


ASPECT  RATIO  (L/D) 

Fifl.  4  Comoanson  of  two  models:  solid  (me;  T  msT;!  a.nd  dots 
Timcenenso  Dsam  10907, 

meridian  but  aiso  about  the  lor.zes:  meridia-.  icoincidmi 
wtth  me  resonances  excited  end-on)  excludes  me  oossibiir-, 
mat  the  resonances  are  caused  bv  iongitudina.  ’  ba-'  -type 
waves.  FtnaJiy,  m  Fig.  6,  we  examine  scapermg  from  a  I  5 
to  1  aspect  ratio  aluminum  shell  at  incidence  angies  of  la 
enc-on.  fb'  45  ceg  relative  to  axis  of  symmetr,.  anc 


OPTICAL  ENQINEcfliNG  /  Dseembst  1852  /  Voi  3i  So, '2  /  256: 


fig.  5  BacKscatler  from  solid  sttal  spnsroio  at  croadsioe  inclcence 
for  *»p«ct  ratio  o!  (a)  2  to  1,  (0)  3  to  1,  (0)  4  to  1,  a.od  (O)  5  to  1  tor 
ifi/2  =  2  to  24 


broidside.  Here  we  can  cxciw  three  phenomena.  end- 
on.  we  observe  the  lowest  symmetric  Lamb  resonances;  at 
45  deg  we  observe,  in  order  of  occunence.  a  bending  res¬ 
onance,  the  iowest-order  Lamb  resonance  excited  about  the 
largest  meridian,  and  the  two  lowest  Lamb  modes  excited 
about  the  smallest  meridian.  AdditionaJ  bending  resonances 
can  be  seen  weakly  at  iniennediate  values.  In  Fig.  6(c)  we 
see  the  broadside  results  in  which  the  lowest  bending  mode 
i$  present  as  well  as  the  lowest  two  Lamb  modes  about  the 


Fig.  6  SacMcanar  from  a  siael  swisroio  shell  ol  aspect  rairo  pi  i  5 
lor  (8)  eno-oo  incioeoce,  (o)  4  j  ceg  relative  to  in«  axis  of  symmeir, 
a.nd  (c)  prcanaipa  ihooance 


snortest  meridian.  This  means  that  with  the  exception  o; 
bending  modes,  an  elastic  shell  (at  least  of  this  thickness) 
has  resonances  with  only  two  degrees  of  freedom,  and  tha: 
both  degrees  can  oe  excited  at  oblique  angles  (except  at  90 
deg)  and  that  only  the  long  (short)  mendian  types  can  be 
excited  (end-on)  broadside. 

3.2  TIme-DomaJn  Backscattering  from  Sphencai 
Shells  at  Comcidence  Resor)ance 

In  contrast  to  symmetric  Lamb  waves,  which  yield  reso¬ 
nances  ai  iow  frequencies  in  a  submerged  shell,  antisym¬ 
metric  Lamb  waves  or  flexural  waves  do  not  yield  reso¬ 
nances  until  the  phase  velocity  of  the  flexural  wave  is 
approximaicly  equal  to  the  speed  of  sound  in  the  ambient 
fluid.**  Tbc  frequency  value  for  which  this  happens  is  re¬ 
ferred  to  as  the  coincidence  frequency.  There  are.  however 
subsomc  fluid-borne  waves  that  produce  sharp*^“’*  (fluid- 
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(Di 

FI8.7  (a)  Tim#  senes— cw  Bing  Bacwcattersd  Tor  Z  S'.t  sonenci' 
WC  shell  in  me  nme  oomam  and  lO)  tom  lurcvc' — oac'tsBanersc 
echo  from  2.5%  WC  aheil  in  in#  Ifeousncy  domair. 


bomc)  resonances  bsiow  ihs  coincidence  frequency.  We 
will  refer  lo  these  fluid-home  waves  as  pseudo- 5 loneiey 
waves  and  the  related  resonances  pseudo-Stoneley  reso¬ 
nances.’’*’^  The  pseudo-Stoneiey  resonances  are  well  de¬ 
fined  m  panial  wave  space,  usually  corresponding  lo  only 
one  partial  wave  mode  number  and  to  a  ve.’y  narrow  hai:- 
width  with  a  dispersive  phase  velocity  tna:  apprcacnes  tne 
speed  01  sound  in  the  fluid  with  increasing  frequency .  Tney 
diminish  in  signincance  at  tne  point  tor  wruc."  the  tiexura. 
resonances  oegtn  to  oormnate.  It  nas  oeen  onsened  that  to: 
both  flat  plates  that  are  fluid  loaoed  on  cne  sice  anc  ic: 
submerged  shells,  at  coincidence,  cne  ooserves  a  verv  strong 
response.  The  associated  resonance  region  oas  ceen  refe.Ted 
to  as  the  scron|  flexural  region  m  the  literature  and  can  be 
interpreted’'  in  terms  of  a  singularity  that  occurs  wnen  the 
wave  number  in  the  fluid  is  equal  to  that  of  the  flexural 
wave  on  the  surface  of  the  obieci.  The  strong  effect  at  the 
coincidence  frequency  can  be  seen  in  Figs.  7(b)  and  8(b). 
which  illustrates  the  effect  at  the  indicated  ka  range  for  a 
WC  shell  of  2.5%  and  a  steel  shell  also  a:  2.5%  thickness. 
Figure  9  illustrates  the  fact  that  pairs  of  panial  waves  are 
important  at  coincidence  frequency,  in  which  the  broad  con¬ 
tribution  is  related  to  the  flexural  wave  and  the  narrow 
(slower)  panial  wave  is  related  to  the  waterborne  wave. 
Figures  9(a).  9(b).  and  9(c)  are  tne  paniai  wave  amplitudes 
for  ka  values  of  33.  40,  and  50,  li  is  apparent  that  ar  the 
lower Uj,  the  flexural  mode  is  weak,  whereas  the  waterborne 
mode,  which  is  dispersive  and  at  this  point  subsonic,  is 
narrow  and  significant.  Figure  9(bj  is  calculated  at  to  =  40. 
which  illustrates  that  the  flcxurai  mode  is  oecoming  more 
dominant  and  well  defined,  and  that  the  rather  dispersive 


fiXt  n  j:9  :ti}  itm  itza  :■  m  <t  ui  h:  : 


(ai 


k;.  : 

i:- 

FIs,  8  (9)  Time  senes— cw  p-np  catstscar.ereb  tro.ni  2.5Vs  sDnencs 
steel  Shell  ana  leitom  tur.ctio"— osotacanerec  ecno  irem  E.SS 
steal  shell  m  tne  freouency  oomai'. 


waterborne  mode  u  approaching  tne  speed  of  sound  in  water 
and  IS  still  dorrunant.  .4t  tne  pouit  at  which  the  flexurai  and 
waterborne  waves  have  phase  velocities  that  coincide,  they 
seem  to  merge  as  illustrated  in  Fig.  9(c).  Actually,  what  is 
happening  is  that  the  partial  waves  are  overlapping,  but 
actually  they  are  somew  hat  out  of  ohase  so  that  at  mat  point 
the  actual  form  function  r.as  oegun  to  gel  sm^isr.  Shonly 
above  this  point  me  waieroome  wave  disappears.  Note  thf 
at  the  coincidence  freouency  the.re  is  a  phase  cnar.ge  m  me 
paniai  wave  contributions  as  weJ,  whic,n  accounts  for  tn: 
envelope  of  the  resonance  curve  at  coincioenc:  isnown  her; 
and  in  suoseouent  plotsi  wners  me  waves  are  in  pnase  u.ntc 
coincidence  and  out  of  pnase  afterward.  Our  interest  here 
IS  in  examining  the  time-domain  response  because  we  expec: 
the  conditions  of  Eq,  iS)  to  be  partiaiiy  met  over  a  broad 
frequency  range  and  thus  to  yielo  a  strong  conerent  response 
with  a  carrier  frequency  m  ins  neighborhood  of  the  fre¬ 
quency  at  coincidence.  Accordingly ,  we  examine  ihe  case 
of  cw  pings  for  two  examples  for  which  one  expects  co¬ 
incidence  resonances  to  arise.  Tms  is  certainly  suggested 
by  the  strong  responses  in  Figs.  7(bl  and  g(b)  at  the  to 
values  32  anti  45.  respectively,  for  WC  and  steel,  Funher, 
we  use  the  Mindlin-Timoshenko  thick  plat:  theotv'  to  oe- 
termine  the  value  for  which  the  flexurai  phase  velocity  w  iil 
equal  the  ambient  speed  of  sound  in  water.  Tne  expressions 
we  use  arc  from  flat  piaie  theory,  but  they  prove  to  be  quite 
reliable  in  predicting  the  phase  \eiocity  forspnenca)  shells 
near  the  coincidence  frequency,  It  is  remarkable  that  they, 
in  fact,  do  predict  the  frequency  range  in  me  figures  ina; 
match  the  peaks  in  the  strong  flexural  region  W  e  dete.-mire 
that  the  expression  for  me  phase  velocity  is 
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(1=-- -  . 

n 

r=2.65(l  -  1.5i'-0.7jv\ 


(i) 

n 


CfVn 


Here  c,  is  the  sheer  speed  ana  i’  ss  ‘.ne  Poisson  ratio  of  tne 
raaienal.  The  ratio  h  a  is  a  thickness  parameter  and  c.  is 
the  speed  of  sound  in  water.  Pne  rcmainine  defining  expres¬ 
sions  m  Ep,  (10)  are  discussec  in  Ref.  ii.  For  the  cases 
presented  here,  'ma  is  0.025.  unere  a  is  the  radius  of  the 
spnere.  The  group  veiocits  is  ceiemtincd  bv  us  to  be 


< 

r  C.2 


(i) 

Pig.  9  Partial  wava  amolrtudea  )or  tne  steal  examoie  at  (ai  ira >  33 
(b)  ka *40,  and  (c)  (ts  =  5i ,  as  tunniona  o(  tne  oartiai  wave  rnoe*  n 


where 


The  expression  predict  the  point  of  couKiccncc  quite  mceis . 

We  now  examine  the  tune-domain  caicuiations.  For  the 
first  example,  we  examine  tungsten  carbide  (WC)  of  2.5“^ 
thickness,  illustrated  in  Fig.  7(ai.  In  this  case,  we  observe 
a  well-defined  envelope  with  pronounced  osciJlaiions  within 
the  envelope  consistent  with  expressions  in  the  previous 
section.  The  enhancement  caused  by  the  factor  2**  is  obvious 
both  here  and  in  Fig.  8(a).  We  can  obtain  t.he  srroup  velocity 
from  the  peak-to-ocak  distance,  ne  result  leads  to  a  value 
of  2.23  km-s.  Tne  exp.'ession  for  ftexunu  waves  predicts  a 
value  cf  2.53  km-'s  at  coincidence  and  a  range  of  2.44  to 
2.68  km.'s  over  the  xn  range  of  25  to  50.  where  the  strong 
fiexurais  are  significant,  in  mat  range,  the  p.nase  velocity 
ranges  from  1.37  tc  i  .58  km  s.  Tne  vaiues  of  the  predictec 
and  'VTarted  grouc  velocities  are  not  m  extncmciy  good 
agreement;  me  disagreement  is  about  12%,  Trus  may  be 
caused  in  part  by  tne  fact  that  fiat  plate  tneory  may  be  in 
error  or  inadequate  for  spnened  fiuid-ioadcd  targets.  We 
have  determined  the  group  velocity  of  die  pseudo-Stoneley 
wave  for  this  case  to  be  2.65  km's,  based  on  plate  theory. 
Moreover,  the  phase  velocity  is  in  the  range  from  88  to 
985fe  of  the  speeo  of  sound  in  the  fluid.  Thi'.  value  m'  grevp 
velocity  15  within  3%  of  the  extracted  value  from  the  time- 
domain  soluuon.  Moreover  the  pseudo-Stoneley  resonances 
have  very  narrow  widms.  wnercas  the  flexural  resonances 
are  quite  broad.  Tne  conditions  in  Sec.  2  would  indicate 
that  the  flexural  resonances  would  rapidly  dunpen  whereas 
the  pseudo-Stoneley  resonances  would  aaenuate  siowiy.  Thus, 
based  on  the  similarity  of  me  extracted  group  velocity  to 
that  of  the  pseudo-Stoneley  wave  and  the  condiUons  m  Sec.  2 
we  conclude  that  the  time-domain  calculations  in  Fig.  7(a) 
represent  pscudo-Sioneley  resonances. 

The  final  example  is  for  me  steel  shell  of  2.59b  thickness. 
The  results  here  are  consistent  with  that  of  the  steel  case 
and  are  illustrated  in  Fig.  St'a).  Here  me  group  veiocity  was 
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Fig.  10  Rajlduai  response  for  an  n.a  =5%  imek  sneii  oiscaying  me 
tfiicKrieas  raaonance:  (a)  pe«t  sPeii.  (6)  molytxaenum  sneii,  ana  (c)  WC 
aneli. 


extracted  to  be  2. 1 6  kn  s  a<  opposed  to  the  plate  theory 
value  of  2.33  xnvs  for  flexural  waves.  The  range  of  values 
for  the  group  velocities  predicted  from  the  fiat  plate  theory 
was  from  2.49  to  2,78  km.-s  over  the  ka  range  of  40  to  60' 
Here  again,  the  difference  was  12%  between  plate  theory 
and  the  extracted  vaiue  On  the  other  hand,  the  group  ve¬ 
locity  for  pseudo-Stonesey  waves  is  2.26  krr.'s,  which  is 


within  3%  of  the  extracted  value.  As  m  the  p.tvious  e>- 
airpie.  the  oscudo-Sioneiey  resonances  are  quit:  narrow, 
whereas  the  flexural  resonances  are  oroad.  ano  we  conduce 
that  the  resuits  of  F:r.  8ia;  rep.’eser.t  prcuominar,:,;.  oseuvOC' 
Stoneley  resonances. 

3.3  Thickness  '  Resonance:"  m  the  Ecnoes 
Retumeo  oy  Elastic  Snails  at  High  ffsauenc. 

Figures  10(a).  10(b).  and  10(c)  are  the  form  funcuons  causec 
by  a  plane  wave  incident  on  sp.henca:  shells  for  5%  steel, 
molybdenum,  and  WC,  respectively  .  It  is  evicer.t  tnai  ir. 
the  region  berween  aooui  xc  -  240.  265.  and  290  entre  are 
rather  pronounced  returns  mat  are  quite  a  bn  larger  in  a.m- 
plitude  than  usually  observed  for  symmeinc  a.ic  anusyrr’ 
metnc  resonances.  In:  expianation  for  this  eve.'.t  is  deter¬ 
mined  from  the  fact  t.hai  wnen  a  wave  goes  mto  a  laytre,. 
material,  if  tne  dilatauonai  wavelength  of  the  )a\ tr  is  equal 
to  half  the  wavelength  of  ihe  pe.ietrating  wave,  me.n  me 
reflection  coefncien;  ;s  yust  equal  to  that  caused  by  tne 
mtenor  layerv.  whicn  in  this  case  corresponds  to  a  scf: 
scatterer  (i.e  .  tr.e  cavity  was  evacuated).  a.*.c  mus.  tne 
reflected  signal  wnen  added  to  the  usual  su.-fa::  reheciec 
signal  IS  at  a  maximum  To  deiermine  where  urns  .rapper.- 
we  examine  at  wnat  vaiue  of  tms  Wili  napoen  tor  a  stee 
aheil  wiin  ccm.preisia.nai  speed  5.95  km, s  Tr.:  r:n:r.:r' 
relation  from  a  ria:  oraic  spproMn'.i'.'.r'--  (aoeauare  at  hig,'. 
frequency)  tr 


(Ivaic. 

Here  cj  and  c.  are  me  soeeds  ot  ccmpressionai  waves  fc,' 
steel  and  water,  respectively  (5,95  km.s  and  i  .4325  xms,. 
and  h/ci  15  in:  ratio  of  ube  ihicioness  to  ne  raoius  cf  the  sne!,' 
(here  0.1.  O.C25.  a.nd  0,05',,  Thus  xo=  126.  252,  and  504, 
respectively,  wnicn  are  in  the  range  of  the  :a:;;  returns 
Figures  1  liai  a.-.d  1  lioi  ure  me  form  mnctions  of  steel  shcr- 
of  10'^  and  2  5%.  respectively.  Tne  compressio.-.a;  veicr- 
Hies  of  moiyocenum  and  WC  are  6.35  ar.d‘6.95  wr.;:r 
precict  in  tne  correct  range  To  determine  mia:  mus  s  m.cee. 
me  corrcci  interomtaiion  we  examine  wnere  m.e  p.ct  .s  , 
maximtifn  re.*  me  rcro-crccr  partis!  w-ave  co.'resnc.'ci.ng  re  ■ 
to  me  flat  p.ate  aporoximaticr..  Figures  I2'c  .  12,:.,  l.-.: 
12!c)  illustrate  m.a:  m.is.  indtcc.  is  ai  kg-  '.If,  252,  an.: 
504.  respecti'eiy .  tonne  sieei  cases.  .Morecser,  r:$i  13is 
and  13(b!  for  the  lowest  paniai  waves  of  me  cases  m  Figs. 
I0(b)  and  Kxc)  vield  similar  agreement.  Tne  oroau  widm 
of  m.e  resonances  is  due  to  m.e  fact  that  me  m.icx-ness  a: 
which  the  piane  incident  w-ase  "secs”  tne  shei.  usuady 
greater  than  me  shell  thickness,  and  must  cerrespond  m 
higher  order  pamai  waves  bu:  lower  ko  values,  Tms  mter- 
preiation  aiso  credicts  higher-orcer  resonance-  :wr,en  the 
thickness  is  eouai  to  a  multiple  of  half-integer  comcressiona 
wavelengths),  and  indeed  the  predictions  are  ccTOoorate^ 
and  will  be  iilusmated  elsewncre. 

4  Conclusions 

We  nave  illustrated  several  new  large  resonance  patierr.- 
that  offer  a  means  of  target  identification  Do.'-nms  .s.-e 
known  to  be  abie  to  disuneuish  between  com-  of  difierer.: 
maienal;  pemaos  tney  rnaxe  use  cl  me  tnick.-.ess  resonancs 
At  me  lower  rrequency  end.  timc-ocmain  s;?r.c,.i  ce.nterc,; 
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ing  tna  thicKneu  ’eacnanw. 


about  ihi  comcicer.cs  rrscuency  art  !-j;s;y  :c  re  a  usefu! 
tool  for  some  corsicerancni.  Tr.e  resc.rir.ce-  caused 
bending  mooes  are  rauier  nanoA,  ■Ar.icc  may  cs  diffica.’. 
to  detect  in  the  reauency  do.mam  out  snoa  ea  sc.m.e  premise 
wnen  using  tr.e  .methocs  ca  me  lim.e  c.o.T.am  a.cr.g  w;;:: 
gating  techniques 
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